Introduction
============

Depression is a widespread, devastating illness, affecting approximately 17% of the population at some point in life, resulting in enormous personal suffering and economic loss.^[@ref1]^ Moreover, currently available treatments have significant limitations (ie, low response rates, treatment resistance, high incidence of relapse, and a time-lag of weeks to months for a response), highlighting a major unmet need for more efficacious and faster-acting antidepressants, particularly with the high suicide rates in depression.^[@ref2]^ Further confusing matters, depression is a heterogeneous syndrome, making it difficult to identify the underlying pathophysiology, and thereby complicating the diagnosis and treatment of depression and related mood disorders.

Despite these problems, significant progress is being made in identifying the brain regions and circuits that control emotion, mood, and anxiety, and the neurochemical and cellular alterations underlying depression and stress-related disorders. Emerging from these basic research and clinical studies is evidence that stress and depression cause neuronal atrophy and loss in brain regions that control mood and emotion, resulting in disconnection and loss of function.^[@ref3]-[@ref5]^ This includes a reduction in the number of spine synapses, the key points of connection between neurons. There is also evidence of hypertrophy and increased function of other brain regions that could contribute to dysregulation of mood and anxiety. Progress has also been made in characterizing the pathophysiological processes that contribute to the structural alterations in the brain and to depressive behaviors. In addition to the well-established role of elevated hypothalamic-pituitary-adrenal (HPA) axis activity, a hallmark of stress responses, disruptions of neurotrophic/growth factors have been the focus of work in recent years and could be involved in the atrophy and loss of neurons in response to stress and depression.

Although the development of novel therapeutic agents has proven extremely difficult, recent studies have found that previously known psychotropic drugs are capable of producing startling antidepressant responses. Most notably, N-methyl-D-aspartate (NMDA) receptor antagonists (eg, ketamine) produce rapid and long-lasting antidepressant actions in treatment-resistant patients.^[@ref6],[@ref7]^ Similarly, the muscarinic receptor antagonist scopolamine also produces rapid antidepressant actions.^[@ref8],[@ref9]^ These rapid effects, by mechanisms completely different from typical monoamine reuptake inhibitors, represent the most significant findings in the field of depression in over 60 years. Moreover, we have found that the actions of ketamine and scopolamine are dependent on the induction of new spine synapses, which rapidly reverse the synaptic atrophy caused by stress and depression, resulting in reconnection of critical cortical-limbic circuits. These findings represent a fundamental shift in our understanding of the mechanisms underlying the rapid actions of NMDA and muscarinic receptor blockade, and identify novel targets for the treatment of depression.

Together, these studies support a hypothesis that alterations of synaptogenesis and neural plasticity that result in functional disconnections underlie the pathophysiology and treatment of depression. Negative factors that decrease synaptogenesis in a circuit-specific manner (eg, stress, excess glucocorticoids, reduced trophic support, and increased inflammatory cytokines) increase vulnerability and/or cause depression, while treatments or conditions that enhance synaptogenesis and increase connectivity (eg, neurotrophic factors, NMDA antagonists) have antidepressant actions and reduce vulnerability. The current review will focus on the signaling pathways and targets that underlie neuronal atrophy, and conversely those that contribute to the reversal of synaptic deficits caused by stress and depression, notably the role of neurotrophic factors. However, there are also other dysregulated systems of interest that will not be covered in this review, including proinflammatory cytokines, sex steroids (notably estrogen), and metabolic/feeding factors (ie, insulin/diabetes, leptin, and grehlin) to name a few that play an important role in the pathophysiology of depression and that could provide new therapeutic targets.

Disrupted connectivity of cortical and limbic depression circuitry
==================================================================

Brain imaging and postmortem studies have identified key structures involved in the regulation of mood and depression, including the prefrontal cortex (PFC), hippocampus, cingulate cortex, amygdala, and basal ganglia.^[@ref5],[@ref10]^ Blood flow and functional imaging studies have identified regions with reduced (PFC and hippocampus) or increased (subcallosal cingulate cortex and amygdala) activity. Together these studies have contributed to the emergence of a functional depression circuit. Altered activity and functional connections between the regions within this circuit correlate with unbalanced behavior that characterizes depression (see refs 4,5,10 for a complete description and discussion of these models). One model is based on extensive evidence of decreased function and activity of the PFC and connections to and from other limbic and subcortical structures implicated in depression.^[@ref5]^ Decreased function of the PFC in depressed patients underlies certain abnormal responses (eg, decreased reaction time and cognitive function), as well as a corresponding gain of function of the amygdala (loss of control of emotion and mood, and increased fear anxiety and IIPA axis reactivity), which is negatively controlled by PFC. Disruption of connections between the PFC and amygdala, as well as the ventral striatum, could also contribute to decreased motivation and reward in depression, which could underlie disrupted eating, sleeping, and libido.

While this circuit model may be oversimplified, there is sufficient evidence from human, as well as animal studies (see below) to support the hypothesis that there is loss of function, in part from decreased connections between PFC and other brain regions. Disconnection between these regions could occur at various levels, including reductions in white matter tracts,^[@ref5]^ but also more subtle changes in synapse number, which cannot be observed using current brain imaging approaches. Novel treatment strategies, including NMDA receptor antagonists, could act via reversal of these synaptic deficits.

Stress and depression cause neuronal atrophy and loss: circuit-specific effects
===============================================================================

Among the findings of altered brain structure and function in depression, the most consistent is reduced volume of the PFC and hippocampus *([Figure 1](#DialoguesClinNeurosci-16-11-g001){ref-type="fig"})*.^[@ref11],[@ref12]^ Reduced volume is inversely correlated with length of illness, time of treatment, and severity of depression. Postmortem studies also demonstrate reduced neuronal cell body size, atrophy of processes, and a reduction of glia in PFC.^[@ref13]-[@ref15]^ Although ultrastructural studies, such as spine synapse analysis, have been difficult in postmortem tissue, a recent report demonstrates a decrease in the number of synapses in the PFC in a small cohort of depressed subjects.^[@ref16]^ Findings in rodent models have extended the human studies, and confirm that exposure to chronic stress, like depression, causes atrophy and loss of neurons and glia in the PFC and hippocampus, which could contribute to the decreased volume reported in patients.^[@ref3],[@ref13],[@ref17],[@ref18]^ The atrophy of neurons is characterized by a decrease in the number and length of dendrite branches, as well as a decrease in the density of spine synapses.^[@ref18]-[@ref20]^

![Chronic stress causes neuronal atrophy: a decreased number of spine synapses. Basic research studies demonstrate that repeated stress causes atrophy of neurons in the prefrontal cortex and hippocampus of rodents. Shown on the left is a diagram of a segment of a dendrite that is decorated with spines, and the reduction in spine number after exposure to repeated stress. On the right are examples of two photon laser microscopy images of neurobiotin-labeled dendrites from layer V pyramidal neurons in the prefrontal cortex of rats housed under control conditions or after exposure to immobilization stress (7 days, 45 minutes per day).](DialoguesClinNeurosci-16-11-g001){#DialoguesClinNeurosci-16-11-g001}

In contrast to the atrophy observed in PFC and hippocampus, stress causes hypertrophy of neurons in the amygdala, which could contribute to increased emotional valence and anxiety in depression.^[@ref21]^ Hypertrophy and increased function of amygdala could result from atrophy and decreased function of PFC, as this region provides inhibitory control of amygdala and could thereby contribute to depressive symptoms. Similarly, atrophy and decreased function of PFC neurons could contribute to abnormal function of other aspects of the depression circuit (eg, increased activity of basal ganglia and subcallosal cingulate cortex).

Stress decreases neuronal and glial proliferation
=================================================

In addition to decreased neuronal arborization and synapse number, stress also exerts a significant impact on the birth of new neurons and glia. Acute and chronic stress decreases neurogenesis in the dentate gyrus of adult hippocampus.^[@ref22]^ There have also been several studies of cell proliferation in the hippocampus of postmortem depressed subjects, although there is no evidence to date of decreased neurogenesis, indicating that loss of neurons does not contribute to depression.^[@ref23]^ Rather, these postmortem studies have reported that depressed patients treated with antidepressants have increased levels of newborn cells in the hippocampus. This is consistent with preclinical studies demonstrating that chronic administration of most classes of antidepressants increase neurogenesis in the adult hippocampus.

Decreased glial number has been one of the most consistent findings of postmortem studies.^[@ref24],[@ref25]^ This includes decreased numbers of astrocytes and oligodendrocytes in PFC. Preclinical studies also demonstrate that stress decreases glial fibrillary acidic protein (GFAP)-labeled astrocytes as well as the proliferation of oligodendrocytes.^[@ref24]^

Conversely, chronic antidepressant administration increases the proliferation of oligodendrocytes in the PFC.^[@ref24]^ Glial cells play an important role in providing metabolic support for neurons, and loss of glia could contribute to the atrophy and loss of neurons caused by stress and depression. This is an interesting, yet understudied, area of research that has important implications for elucidating the pathophysiology of stress and depression.

Stress decreases brain-derived neurotrophic factor expression
=============================================================

One of the mechanisms that has been studied for the atrophy and loss of neurons caused by stress and depression is disruption of neurotrophic/growth factor support, most notably brain-derived neurotrophic factor (BDNF) *([Figure 2](#DialoguesClinNeurosci-16-11-g002){ref-type="fig"})*. Neurotrophic factors were first identified and characterized for their role during development, including guidance, maturation, and survival of neurons, but it is now well-established that these factors continue to play an important role in the adult brain, including activity-dependent synaptic plasticity as well as survival.^[@ref26]^ BDNF, a member of the nerve growth factor family, is one of the most highly expressed neurotrophic factors in the brain, and can be regulated at the level of gene expression as well as activity-stimulated release at synapses. Stress significantly impacts the expression of BDNF, decreasing levels of messenger RNA (mRNA) and protein in the hippocampus and PFC.^[@ref3],[@ref4]^ A possible role for BDNF in depression is supported by studies demonstrating that levels of this factor are decreased in postmortem cerebral cortex of depressed subjects.^[@ref3]^ Surprisingly, blood levels of BDNF are also decreased in depressed subjects.^[@ref27]^ Studies of BDNF heterozygous deletion mutant mice have not revealed an outright depressive phenotype as might be expected, although BDNF deletion increases vulnerability to depressive behavior in rodents, measured in models of despair, anxiety, and anhedonia.^[@ref28]^ The finding that the BDNF deletion mutants do not display depressive behavior could be due to region-specific effects of BDNF (ie, BDNF is prodepressant in the mesolimbic dopamine system, but antidepressant in the PFC and hippocampus).^[@ref29]^ This possibility is supported by recent studies demonstrating that hippocampus-specific knockdown of BDNF produces depressive behavior.^[@ref30]^

![Stress and depression decrease, while rapid-acting antidepressants (eg, ketamine) increase, synaptic connections. Under normal, nonstress conditions, synapses of glutamate terminals are maintained and regulated by circuit activity and function, including activity-dependent release of brain derived neurotrophic factor (BDNF) and downstream signaling pathways. Stress and depression are associated with neuronal atrophy and decreased synaptic connections in the prefrontal cortex and hippocampus. This is thought to occur via decreased expression and release of BDNF as well as increased levels of adrenal glucocorticoids. This decrease has been compared with long-term depression (LTD). Rapid-acting antidepressants, notably ketamine, cause a burst of glutamate that results in an increase in synaptogenesis that has been compared with long-term potentiation (LTP). The increase in glutamate is thought to occur via blockade of N-methyl-Daspartate (NMDA) receptors located on inhibitory γ-aminobutyric acid (GABA)\--ergic neurons, resulting in disinhibition of glutamate transmission. The burst of glutamate increases BDNF release and causes activation of mammalian target of rapamycin (mTOR) signaling, which then increases the synthesis of synaptic proteins required for new spine synapse formation. These new connections allow for proper circuit activity and normal control of mood and emotion. However, the new synapses are unstable and are lost after about 10 days, which coincides with depression relapse in patients. Akt, protein kinase b; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionicacid; ERK, extracellular signal-regulated kinases; GABA, γ-aminobutyric acid; GSK, glycogen synthase kinase; PP1, phosphoprotein phosphatase 1; TrkB, tropomyosin receptor kinase B](DialoguesClinNeurosci-16-11-g002){#DialoguesClinNeurosci-16-11-g002}

Studies of neuronal morphology demonstrate the importance of BDNF in maintaining normal dendrite and spine integrity. BDNF heterozygous deletion mutants have decreased dendrite length and branching in the hippocampus, similar to the effects of chronic stress; moreover, the effects of stress are occluded in these mice.^[@ref31],[@ref32]^ Similar dendrite and synaptic deficits in the hippocampus, as well as in the PFC, have been observed in mutant mice with a knock-in of a loss of function BDNF polymorphism, Val66Met.^[@ref32]-[@ref34]^ This polymorphism, found in approximately 25% of the human population, decreases the processing, transport, and activity-dependent release of BDNF.^[@ref35]^ Carriers of the Met allele have a decrease in hippocampal volume and are at increased risk of developing depression when exposed to early life stress or trauma.^[@ref12],[@ref36]^ These studies demonstrate that stress decreases BDNF expression and that loss of BDNF, or mutation that reduces release, negatively influences dendrite morphology and behavior.

New targets to reverse neuronal atrophy: remodeling synaptic connections
========================================================================

The evidence that major depressive disorder (MDD) is associated with decreased volume of cortical and limbic brain regions, atrophy of neurons, and decreased number of synaptic connections, indicates that depression- and stress-related illnesses are mild neurodegenerative disorders. There is also evidence that the magnitude of the volume reduction is inversely correlated with the length of antidepressant treatment, and some direct evidence that treatment can reverse the deficit, indicating that the atrophy is reversible.^[@ref3],[@ref12],[@ref37]^ This is supported by preclinical studies demonstrating that administration of a typical antidepressant can block or reverse the loss of synapses caused by chronic stress exposure,^[@ref38],[@ref39]^ as well as enhance synaptic plasticity.^[@ref40],[@ref41]^ However, the ability of typical antidepressants to reverse neuronal atrophy is limited and requires chronic treatment.

The requirement for chronic administration of typical antidepressants that influence monoamines is not surprising, as the neurotransmitter systems are considered to be modulators of synaptic activity. In contrast, drugs that target glutamate, the major excitatory neurotransmitter in the brain that controls rapid as well as longterm synaptic plasticity, could produce more profound and rapid alterations. The rapid actions of glutamate are mediated via regulation of glutamate ionotropic receptors, including the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and NMDA subtypes, which are required for cellular and behavioral models of short- and long-term learning and memory, including regulation of the number and function of spine synapses.^[@ref42],[@ref43]^

Recent studies have provided compelling evidence that the glutamate neurotransmitter system is an important and relevant target for novel and rapid-acting antidepressants. Discussed below are the clinical and preclinical studies demonstrating that NMDA receptor antagonists are rapid-acting antidepressants, as well as evidence for other glutamate-related targets, including metabotropic glutamate 2/3 (mGlu2/3) receptor antagonists and AMPA receptor modulators.

NMDA receptor antagonists produce rapid, efficacious antidepressant actions
===========================================================================

Given that glutamate is the major excitatory neurotransmitter system in the brain, it is not surprising that it has been implicated in a number of psychiatric illnesses, including depression and schizophrenia. This has led to clinical and preclinical studies of agents like ketamine, an NMDA antagonist, which when administered at a high dose is a dissociative anesthetic, but at low doses has mild psychotomimetic effects. In what is now considered a seminal study Berman and colleagues discovered that a low dose of ketamine (0.5 mg/kg IV, a dose that produces mild dissociative and psychotomimetic effects) produces a rapid antidepressant response within 4 hours of treatment, and that this response was sustained for at least 3 days.^[@ref6]^ This finding was replicated in a second study, which reported an even more rapid antidepressant effect (within 2 hours) and was sustained for up to 7 days after a single dose of ketamine.^[@ref7]^ The rapid and sustained antidepressant actions of ketamine have now been replicated in several independent studies from different groups.^[@ref44]^ These studies have included patients both on and off other antidepressant medications. Moreover, most of these studies were conducted in patients who had failed to respond to two or more typical antidepressants, and were therefore considered to be treatment-resistant. In addition, ketamine is reported to rapidly reverse suicide ideation and bipolar depression.^[@ref45],[@ref46]^ The discovery that ketamine produces a rapid response, that is relatively long-lasting, in treatment-resistant depressed patients represents one of the most significant advances in the field of affective illnesses in over 60 years, since the discovery of the monoaminergic antidepressants.

Despite this promise, ketamine has significant limitations for widespread use for the treatment of depression. Low doses of ketamine produce rapid, mild, psychotomimetic effects and euphoria in normal subjects and depressed patients, leading to the use of ketamine as a pharmacological tool to investigate the role of NMDA hypofunction in schizophrenia.^[@ref6],[@ref7],[@ref44]^ Ketamine is also an abused street drug, referred to as "Special K", and there are reports that chronic ketamine abusers display disruptions of white matter integrity and cortical atrophy.^[@ref47],[@ref48]^ In addition, basic research studies have demonstrated that repeated, daily ketamine dosing causes neurotoxic effects.^[@ref49],[@ref50]^ However, characterization of the mechanisms underlying the actions of ketamine are leading to the development of safer ketamine-like agents with potentially fewer side effects.

Ketamine increases synapse formation in the PFC
===============================================

The impact of the fast antidepressant actions of ketamine are further highlighted by the discovery that a single dose of ketamine causes a rapid induction of the number and function of spine synapses in medial PFC of naïve animals *(Figure 2).*^[@ref51]^ Ketamine also increases the function of these new synapses shown by an increase in the amplitude and frequency of 5-hydroxytyramine (5-HT)- and hypocretin-induced excitatory postsynaptic currents in layer V pyramidal neurons in the medial PFC. Ketamine increases levels of synaptic proteins after 2 hours, indicating an increase in synapse number, a time that corresponds to the initial therapeutic response in humans.^[@ref51]^ Ketamine also produces antidepressant behavioral responses in the forced swim test (decreased immobility or despair) and novelty suppressed feeding (decreased latency to feed in an open field). Moreover, a single dose of ketamine reverses the deficit in the number of synapses caused by exposure to 3 weeks of chronic unpredictable stress (CUS).^[@ref52]^ This corresponds with the rapid reversal of the CUS-precipitated behavioral deficit, anhedonia, which is measured by a decrease in preference for sweetened solution. Together, these findings demonstrate a novel rapid action of ketamine, the induction of synaptic connections that reverses the effects of CUS and corresponds to an antidepressant behavioral response that requires chronic administration of a typical antidepressant. Assuming that a similar synaptogenic response occurs in humans, a question of intense interest, ketamine would then reverse the atrophy and synaptic deficits that are a critical pathophysiological component of depression.

Indirect support for this hypothesis is provided by a recent clinical study, using magnetoencephalographic recordings, before and after ketamine infusions, in depressed patients and during somatosensory cortex activation (ie, tactile stimulation of index fingers).^[@ref53]^ The results show that cortical excitability is increased in responders during the period of antidepressant response (≈4 hours after ketamine), but not in those patients who did not respond to ketamine. There was no effect of ketamine on baseline γ-band activity, suggesting that the acute NMDA receptor-blocking effects of ketamine do not account for the antidepressant responses. Rather, the results are consistent with the possibility that increased glutamate activity and enhanced synaptic potentiation underlie the increase in cortical excitability, as well as the antidepressant response to ketamine.^[@ref53]^ It is possible that NMDA receptor blockade of glutamate transmission contributes to the therapeutic actions of ketamine, although this would be rapid and transient (ie, when the drug is present in the brain and during the time frame for the psychotomimetic effects, 30 to 60 minutes after dosing) and therefore would not correspond to the delayed time of the therapeutic response (80 to 120 minutes).

Role of mammalian target of rapamycin complex 1 signaling in the actions of ketamine
====================================================================================

The induction of synapse formation has been studied and documented in cellular models of long-term memory and has been shown to require the synthesis of new synaptic proteins, including glutamate receptors (eg, GluR1) and structural proteins (eg, postsynaptic density protein 95 \[PSD95\]). These studies describe the signaling pathways that control synaptic plasticity in long-term potentiation (FTP) and long-term depression (LTD), notably the cycling of glutamate receptor subtypes and synaptic structural proteins to and from the membrane *(Figure 2)*.^[@ref42],[@ref43],[@ref54]^

Ketamine also increases levels of these synaptic proteins and reverses the deficits caused by CUS, consistent with the increased number and function of synapses.^[@ref51],[@ref52]^ The mechanisms underlying the induction of protein synthesis-dependent synapse formation have also been examined in learning and memory studies, and have demonstrated a role for the mammalian target of rapamycin complex 1 (mTORC1), a protein kinase complex that regulates p70S6 kinase (S6K), 4E binding protein 1 (4EBP1), and de novo protein synthesis at the synapse. Protein synthesis by mTORC1 is tightly regulated by neuronal activity as well as metabolic and endocrine factors, and ketamine rapidly increases levels of the phosphorylated and activated form of mTORC1 signaling proteins.^[@ref51]^ A role for mTORC1 in the actions of ketamine is supported by studies demonstrating that the behavioral actions of ketamine are blocked by pretreatment with rapamycin, a selective mTORC1 inhibitor.^[@ref51],[@ref55]^

Role of BDNF release in the actions of ketamine
===============================================

Another important link in the induction of mTORC1 signaling and synapse formation is BDNF *(Figures 2 and [3](#DialoguesClinNeurosci-16-11-g003){ref-type="fig"}).* The antidepressant response to ketamine is blocked in BDNF deletion mutant mice^[@ref56]^ and in mice with a knock-in of the human BDNF Val66Met polymorphism. As the Met allele blocks activity dependent release of BDNF, this finding indicates that BDNF release is required for the actions of ketamine. This possibility is supported by studies demonstrating that infusion of a BDNF antibody into the medial PFC, which neutralizes the BDNF that is released into the extracellular space, also blocks the behavioral effects of ketamine (Duman, unpublished data). The significance of these preclinical findings has also been examined in depressed patients, since the BDNF Met polymorphism is found in approximately 25% of the population. An examination of patients treated with ketamine reveals that those carrying the Met allele have a significantly decreased response to ketamine,^[@ref57]^ indicating that the BDNF Val66Met allele is a marker of treatment response and further demonstrating a requirement for BDNF release.

![Glutamatergic targets for rapid-acting antidepressants. Basic research studies demonstrate that ketamine causes a rapid and transient burst of glutamate in the prefrontal cortex, in part via disinhibition of γ-aminobutyric acid (GABA)-ergic neurons that exert negative control over glutamatergic firing. Recent basic and clinical studies have demonstrated a number of related glutamatergic, as well as muscarinic, cholinergic targets with the potential to produce rapid-acting antidepressant effects. In addition to ketamine, the nonselective Nmethyl-D-aspartate (NMDA) antagonist AZD6765 and the selective NR2b antagonists CP-101,606 and Ro 25-6981 have shown efficacy in clinical trials and/or rodent models. A highly novel tetrapeptide, GLYX-13, which is a partial agonist/antagonist at the glycine binding site on the NMDA receptor also produces rapid antidepressant responses in rodents and in clinical trials. The metabotropic glutamate receptor 2/3 (mGluR2/3) antagonists LY341495 and MGS0039 have also been shown to increase glutamate and produce rapid, mammalian target of rapamycin (mTOR)-dependent antidepressant effects in rodent models. The nonselective muscarinic receptor antagonist scopolamine, as well as telenzapine, which has modest M1 selectivity, also increase glutamate and produce rapid mTOR-dependent antidepressant effects. It is important to point out that these agents may also act at postsynaptic sites to enhance synapse formation and produce antidepressant responses. Also acting at postsynaptic sites are α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor potentiating agents, although studies are still underway to determine the efficacy of these agents as rapid-acting drugs in rodent models. Inhibition of GSK3 contributes to the actions of ketamine, and the nonselective GSK3 antagonist lithium and selective agent SB216763 enhance the behavioral and synaptic responses to ketamine. Akt, protein kinase b; ERK, extracellular signal-regulated kinases; GABA, γ-aminobutyric acid; GSK, glycogen synthase kinase; PP1, phosphoprotein phosphatase 1 ; TrkB, tropomyosin receptor kinase B](DialoguesClinNeurosci-16-11-g003){#DialoguesClinNeurosci-16-11-g003}

The requirement for BDNF release and activation of downstream signaling pathways indicates that a BDNF agonist would also be an effective antidepressant approach. Indeed, direct infusion of BDNF into the hippocampus, or even peripheral administration of BDNF, produces antidepressant behavioral responses.^[@ref27],[@ref58]^ However, the development of small molecular BDNF agonists has been extremely difficult and has met with little success. There have been reports of agents that act via BDNF-tropomyosin receptor kinase B (TrkB) signaling, although the ability of these agents to directly stimulate TrkB receptors is still in question. In addition, BDNF is known to cause depressive behaviors when infused or expressed in the mesolimbic dopamine system,^[@ref4],[@ref59]^ raising some questions about systemic administration of a direct acting agonist. However, we have found that peripheral administration of recombinant BDNF increases signaling in the brain and produces antidepressant actions in rodent models, indicating that an antidepressant response is the predominant effect of systemic administration.^[@ref60]^

Novel NMDA receptor antagonists for the treatment of depression: new concepts for development of glutamatergic agents
=====================================================================================================================

The exciting studies of ketamine and the potential for development of an entirely new class of antidepressants with a novel mechanism and rapid, efficacious onset of action have motivated the field to identify additional NMDA receptor agents. Listed below are a few of the most promising agents under development. In addition, studies of ketamine demonstrate a different conceptual framework for pharmacological actions in the treatment of depression: namely a drug with rapid, but transient acute actions on glutamate, which is critical to avoid excitotoxic damage, followed within a few hours by a therapeutic antidepressant response. Importantly, ketamine also produces a relatively long-lasting synaptogenic and antidepressant behavioral response. This differs from current drug development approaches to produce high-affinity agents that engage and occupy the target-binding site for extended time periods. This possibility is supported by anecdotal evidence using low doses of ketamine and bolus vs slow infusions.^[@ref61]^

Although the prevailing theory holds that the therapeutic response occurs via blockade of NMDA receptors, it is also known that ketamine acts at other neurotransmitter receptors and ion channels. This includes blockade of dopamine D2 receptors^[@ref62]^ and cholinergic nicotinic receptors.^[@ref63]^ These findings raise the possibility that the actions of ketamine occur through disruption of multiple neurotransmitter systems. It is also possible that disruption of these other receptors could contribute to the side effects of ketamine. These possibilities will require further investigation, including studies of more selective NMDA receptor antagonists as described below.

N-methyl-D-aspartate receptor subtype b (NR2b) selective antagonists
--------------------------------------------------------------------

Ketamine is a nonselective NMDA receptor antagonist; and it is possible that a more selective agent would retain the antidepressant actions, but not have the side effects of ketamine. NMDA receptors are comprised of two major subunits, NR1 and NR2, with 8 different splice variants of NR1 and 4 different genes for NR2 (a-d). Functional NMDA receptors are tetramers and are comprised of two NR1 subunits and two NR2 subunits. Glutamate binds to the NR2 subunit and a coagonist binding site for glycine is also located on the NR2 subunit.

NR2b has been studied as a potential target for blocking glutamate excitoxicity, as this subtype is found at extrasynaptic locations that contribute to excitotoxic damage.^[@ref64]^ Previous studies have demonstrated that the NR2b selective antagonist Ro 25-6981 produces antidepressant actions in rodent models of depression, including the forced swim and learned helplessness paradigms. Moreover, we have reported that Ro 25-6981 stimulates mTORC1 signaling and increases synaptic protein synthesis in the PFC, and that the antidepressant behavioral actions of Ro 25-6981 are blocked by rapamycin *(Figure 3).* A single dose of Ro 25-6981 produces a rapid antidepressant response in the CUS paradigm, causing a rapid reversal of anhedonia as well as a longer latency to feed in novelty suppressed feeding; these effects of Ro 25-6981 are also blocked by rapamycin. Another study also reports that the antidepressant actions of Ro 25-6981 are not associated with hyperactivity, which is thought to correlate with the psychotomimetic effects of other NMDA receptor antagonists.^[@ref65]^ Studies are currently being conducted to determine the clinical actions of Ro 25-6981 and related compounds in depressed patients.

In addition to these preclinical studies, there is a clinical report of a rapid response to an NR2b selective antagonist, CP-101,606.^[@ref66]^ This double -blind placebo-controlled study reports that CP-101,606 produces a significant antidepressant response in treatment-resistant depressed patients. Moreover, the side effects of CP101,606, particularly the dissociative effects, were relatively minor. Although additional studies are needed to confirm the antidepressant actions of CP-101,606 and other selective agents, these studies indicate that the NR2b receptor subtype may be a viable target for producing ketamine like rapid actions with reduced side effects.

Other NMDA antagonists
----------------------

There are several other NMDA antagonists that have been examined as potential antidepressants, and a brief overview of these agents is provided. In addition, the channel-blocking properties of these compounds relative to ketamine is discussed, particularly with regard to the psychotomimetic side effects of these agents. These channel blocking agents enter the channel when the neuron is activated and the channel is opened, allowing Ca2+ ions to flow in, carrying the antagonist further into the channel at the same time. Ketamine is trapped inside the channel at a relatively high rate of approximately 82%, and there is evidence that the psychotomimetic action of NMDA receptor blockers is positively correlated with the degree of trapping.

### Memantine

Memantine is a nonselective NMDA receptor antagonist that is reported to have antidepressant actions in rodent models^[@ref64],[@ref67]^; there are no data on the effects of memantine on mTORC1 signaling or synapse formation. Memantine is approved for use in humans (ie, Alzheimer\'s disease) for which it has modest effects.^[@ref68]^ Although there have also been clinical studies of memantine in depressed patients, the results have not been promising. In a double-blind, placebo-controlled study, memantine was found to have no significant antidepressant effect in MDD patients.^[@ref7]^ The reasons for the lack of response are unclear, but could be related to the dose of memantine, or the route and time course of administration. For example, memantine was administered orally at an escalating dose over several weeks; it would be interesting to determine if intravenous dosing, similar to that for ketamine, would be more efficacious and rapid, ft is also notable that memantine is a low-affinity open-channel antagonist that is trapped at a lower rate (70%) compared with ketamine.^[@ref64]^

### AZD6765

Another nonselective NMDA antagonist that has been tested as an antidepressant is AZD6765. This compound is reported to have antidepressant actions in rodent models.^[@ref69]^ Moreover, AZD6765 has a reasonable safety profile in humans and does not induce psychotomimetic side effects. This compound was developed as a neuroprotective agent for the treatment of stroke, but lack of efficacy halted further development. However, a recent clinical study demonstrates that AZD6765 produces a rapid antidepressant response in depressed patients.^[@ref69]^ fn this study, which was conducted with patients considered treatment-resistant (ie, based on their lack of response to typical antidepressants), approximately one third showed a rapid and significant antidepressant response within 80 minutes of a single treatment. A recent study has reported that repeated dosing of AZD6765 (3 times a week for 3 weeks) produces an antidepressant response after 1 to 2 weeks of treatment.^[@ref70]^ The only side effects reported were mild, transient dizziness and headaches. This relatively mild side-effect profile, particularly with regard to psychotomimetic and dissociative effects, could be related to the low proportion of AZD6765 that is trapped in the pore (54%) relative to ketamine (82 %).^[@ref69]^ Together, these studies indicate that AZD6765 has a relatively rapid onset of action, with fewer side effects than ketamine.

### GLYX-13

GLYX-13 is a tetrapeptide that acts as a partial agonist at the glycine site of the NMDA receptor complex, making this agent unique among the drugs acting at NMDA receptors that are being investigated for antidepressant activity. Originally designed to enhance learning and memory, subsequent studies have demonstrated that GLYX-13 produces rapid antidepressant actions in rodent models and in depressed patients. A single dose of GLYX-13 produces an antidepressant response in the forced swim, learned helplessness, and novelty induced suppression paradigms; these effects are blocked by an AMPA receptor antagonist, similar to the blockade of ketamine.^[@ref71]^ GLYX-13 enhances LTP in hippocampal slices, demonstrating synaptic plasticity inducing effects of this agent. Recent studies demonstrate that GLYX-13 also produces a rapid antidepressant response in the CUS/anhedonia model of depression (Moskal J, personal communication). The potential of GLYX-13 is also supported by clinical studies. Representatives from Naurex, the company developing GLYX-13, have reported at a recent American College of Neuropsychopharmacology meeting (2012) that a single intravenous dose of GLYX13 produces a significant antidepressant response within 24 hours of treatment and that the effects last on average for 7 days.

The cellular mechanisms underlying the actions of GLYX-13 are being examined. Although GLYX-13 is a partial agonist of the glycine site, it is also possible that it acts as a partial antagonist depending on the binding of endogenous glycine (ie, at higher levels of endogenous glycine, GLYX-13 could antagonize binding) *(Figure 3) .* This would be consistent with the possibility that GLYX-13 increases glutamate transmission via blockade of tonic firing γ-aminobutyric acid (GABA) neurons (see below) and that the effects of GLYX-13 require AMPA receptor activation. Studies are currently underway to determine if GLYX-13 increases mTORC1 signaling, similar to the actions of ketamine.

Ketamine stimulates a "glutamate burst": metabotropic (mGluR) and AMPA receptors as rapid antidepressant targets
----------------------------------------------------------------------------------------------------------------

The induction of synapse formation by ketamine, an NMDA antagonist, is unexpected as synaptic plasticity in cellular models of learning requires NMDA receptor activation, not inhibition. Studies of glutamate transmission and regulation of GABA neurons have helped clarify this apparent paradox. Microdialysis studies demonstrate that ketamine administration causes a rapid (\~ 30 minutes), but transient (\~ 90 minutes) elevation of extracellular glutamate in the medial PFC.^[@ref72]^ In addition, subsequent studies demonstrate that ketamine blocks the tonic firing of GABAergic interneurons, leading to the hypothesis that the glutamate burst results from disinhibition of glutamate terminals.^[@ref73]^ These studies indicate that agents that increase glutamate release or act directly on postsynaptic AMPA receptors may also have rapid-acting antidepressant effects. Several targets that could influence glutamate transmission are discussed.

### mGluR2/3 antagonists

The metabotropic glutamate receptors (mGluRs) represent a diverse class that has been targeted for the treatment of depression as well as other psychiatric illnesses. There are eight different mGluR receptor subtypes that are divided into three major groups, with Group II receiving attention for the treatment of depression. Group fl includes mGluR2 and mGluR3 receptors, which are located at presynaptic terminals and serve as autoreceptors, providing inhibitory control of glutamate transmission *(Figure 3).^[@ref74]^* Both receptors are also located at postsynaptic sites, with mGluR3 found on glia. Importantly, studies have shown that antagonists of mGluR2/3 receptors increase the release of extracellular glutamate^[@ref72],[@ref75]^ supporting the possibility that these agents could produce ketamine-like rapid antidepressant responses.

Indeed, previous studies have demonstrated that mGluR2/3 antagonists produce antidepressant actions in the standard behavioral paradigms such as the forced swim test.^[@ref76]-[@ref78]^ Moreover, recent studies have extended these findings and demonstrate that mGluR2/3 antagonists, including LY341495 and MGS0039, increase mTORC1 signaling in the medial PFC and show that the behavioral actions of these agents are blocked by administration of the selective mTORC1 inhibitor rapamycin.^[@ref55],[@ref79]^ LY341495 also increases levels of the synaptic proteins GluRf , PSD95, and synapsin I in the medial PFC, indicating that mGluR2/3 antagonists increase synaptic connections.^[@ref79]^ Moreover, we have recently reported that a single dose of LY34f 495 rapidly reverses the anhedonia caused by CUS exposure, providing the first evidence that mGluR2/3 antagonists, like ketamine, have rapid antidepressant actions in a chronic stress model that requires long-term (3 weeks) administration of a typical antidepressant.^[@ref80]^

### AMPA receptor potentiating agents

The induction of glutamate release indicates that activation of postsynaptic glutamate receptors contributes to the antidepressant actions of ketamine. This is supported by studies demonstrating that pretreatment with an AMPA receptor antagonist blocks the behavioral actions of ketamine, as well as the induction of mTORC1 signaling and synaptic proteins.^[@ref51],[@ref81]^ These studies suggest that agents that stimulate postsynaptic AMPA receptors could have antidepressant efficacy. While direct-acting AMPA agonists would be expected to have serious excitotoxic side effects due to overactivation of neurons, there has been progress in developing agents, that potentiate AMPA receptor activation *(Figure 3).* Positive AMPA receptor-modulating agents have been developed largely for use as cognitive enhancing drugs and are reported to have positive actions on cellular and behavioral models of learning and memory, and to increase the expression of BDNF.^[@ref82],[@ref83]^ In general, AMPA receptor-potentiating drugs influence the kinetics of AMPA receptor channel kinetics by decreasing receptor desensitization or inactivation.^[@ref84],[@ref85]^ While there are no reports on the in vivo actions of AMPA potentiating drugs on mTORC1 signaling and synaptogenesis, there is an in vitro study demonstrating the effects of one such agent. This study found that the AMPA potentiating agent CX614 increases the release of BDNF, activates mTORC1 signaling, and increases synapse formation in primary neuronal cultures.^[@ref86]^

There are several different types of AMPA agents, including those referred to as either high- or low -impact potentiating drugs depending on the ability of these agents to increase the flow of current in AMPA receptors. For example, CX614 and LY451646 are high-impact agents, and CX1739 and Org26575 are low-impact agents. In addition, there is evidence that AMPA receptor potentiating agents have antidepressant actions in behavioral models as well as cellular targets of treatment response.^[@ref87],[@ref88]^ Other than the in vitro studies of CX614 there is no direct evidence that AMPA receptor potentiating drugs produce ketamine-like effects, such as activation of mTORC1 signaling and increased synaptogenesis. Further studies are required to determine if AMPA receptor potentiating agents influence these pathways and targets in vivo, and produce a rapid antidepressant response in models like CUS.

While these novel targets, including AMPA receptor potentiating drugs and mGluR2/3 antagonists may prove to be rapid and effective antidepressant agents, it remains to be determined if they will also produce unwanted side effects. In addition, it is possible that the actions of these agents are closely tied to synaptic levels of glutamate, since the efficacy of both depends on either blocking presynaptic glutamate actions at mGluR2/3 receptors, or potentiating postsynaptic actions of glutamate at AMPA receptors.

Role of glycogen synthase kinase-3 (GSK-3) in the actions of ketamine: GSK-3 antagonists enhance the response to ketamine
-------------------------------------------------------------------------------------------------------------------------

Another mechanism implicated in the actions of ketamine is regulation of GSK-3β. GSK-3β is a serine/threonine kinase that is inhibited by lithium and is thought to play a significant role in the therapeutic actions of lithium in bipolar patients. Levels of GSK-3β are also increased in bipolar depressed patients.^[@ref89]^ The function of GSK3 is inhibited by phosphorylation of specific amino acid residues. Interestingly, a recent study has demonstrated that ketamine increases the phosphorylation of these inhibitory sites and that mice with a knockin of GSK-β that is resistant to phosphorylation do not show an antidepressant response to ketamine.^[@ref90]^ These studies demonstrate that inhibition of GSK-3β significantly contributes to the actions of ketamine. This may occur in part by blocking the LTD-promoting actions of GSK-3β, which would enhance ketamine induction of the LTP-like synaptogenic effects *(Figure 3).*

The interaction between ketamine and GSK-β inhibitors is further demonstrated in a recent report. This study found that coadministration of ketamine and a selective GSK-3β inhibitor, SB216763, at low doses that have no effect when used alone, produce a significant antidepressant behavioral effect, as well as induction of mTORC1 signaling and synaptogenesis in the medial PFC.^[@ref91]^ Similar effects were found with lithium, raising the possibility that ketamine plus lithium combination therapy could have reduced side effects compared with the higher dose of ketamine that is currently used. Another possibility is that addition of lithium may extend or sustain the therapeutic actions of ketamine beyond the period of approximately 1 week currently observed after a single dose of ketamine. Studies are currently under way to test this possibility.

Scopolamine and muscarinic targets as rapid-acting antidepressants
==================================================================

The acetylcholine or cholinergic hypothesis of depression and antidepressant response has been a topic of discussion for several decades, but only recently has there been strong evidence that cholinergic agents are capable of producing rapid antidepressant actions. Two recent placebo-controlled crossover studies have demonstrated that the cholinergic antagonist scopolamine produces a rapid antidepressant response in depressed patients.^[@ref8],[@ref92]^ These studies observed antidepressant actions at the first clinical assessment conducted 3 days after a single intravenous low dose (4 μg per kg) of scopolamine, with anecdotal reports of an improvement in mood 24 hours after treatment. Additional doses produced a further improvement in rating scales (32% reduction in depression rating scale after first dose, 53% after second dose), indicating an additive effect. Another study found that the antidepressant actions of scopolamine are greater in women than in men.^[@ref9]^ These findings indicate that cholinergic antagonists like scopolamine produce relatively rapid antidepressant actions.

Scopolamine increases mTORC1 signaling and synaptogenesis
---------------------------------------------------------

Based on these findings we examined the possibility that scopolamine also influences the mTORC1 signaling system and synapse formation. We found that a single low dose of scopolamine (25 μg per kg) significantly increases mTORC1 signaling and increases the number and function of new spine synapses in rat medial PFC.^[@ref89]^ A single dose of scopolamine also produces an antidepressant behavioral response in the forced swim test, that is blocked by inhibition of mTORC1 signaling or by blockade of AMPA receptors. In addition, a role for enhanced glutamate transmission is supported by preliminary microdialysis studies, demonstrating that scopolamine increases extracellular glutamate levels in the medial PFC.^[@ref89]^ Together these studies indicate that increased glutamate transmission, mTORC1 signaling, and increased synaptogenesis are common targets and functional responses to different classes of rapid-acting antidepressant agents.

Given these findings, it is interesting to discuss the mechanisms involved in the actions of other treatments that have efficacy as rapid-acting antidepressants. There is anecdotal evidence that electroconvulsive therapy (ECT) produces a rapid antidepressant response, although the typical course of treatment is 3 sessions per week for 2 weeks. ECT causes depolarization throughout the central nervous system and thereby causes a burst of glutamate transmission. However, preliminary studies have failed to demonstrate an effect of a single electro-convulsive seizure on mTORC1 signaling in rodent PFC.^[@ref51]^ Another treatment possibility is sleep deprivation, which is reported to influence mTORC1 signaling in the mouse hippocampus, but mTORC1 was decreased, not increased.^[@ref93]^ Further studies will be necessary to identify the molecular mechanisms underlying the antidepressant actions of these treatments, which could lead to additional targets for the treatment of depression.

Cellular mechanisms and muscarinic receptor subtypes underlying the actions of scopolamine: novel drug targets
--------------------------------------------------------------------------------------------------------------

The pre- and postsynaptic targets underlying the actions of scopolamine remain to be determined. Scopolamine is a nonselective muscarinic (M) receptor antagonist that blocks all 5 receptor subtypes with high affinity. These receptors are located at pre- and postsynaptic sites for cholinergic, as well as glutamatergic synapses. Postsynaptic M1 receptors are reported to regulate LTD via enhanced internalization of AMPA and/or NMDA receptors^[@ref94]^; blockade of these receptors by scopolamine would inhibit this process and could thereby enhance synaptic plasticity and possibly increase synaptogenesis. The ability of scopolamine to increase extracellular glutamate raises the possibility that muscarinic receptor subtypes are expressed on GABAergic interneurons and that, like NMDA receptors, are capable of regulating GABA firing. This possibility is supported by studies demonstrating that Ml receptor agonist incubation increases GABA overflow in slices of striatum,^[@ref95]^ suggesting that scopolamine could act by blocking muscarinic activation of GABA firing and disinhibit glutamate release *(Figure 3).* We have found that telenzapine, an antagonist with limited selectivity for Ml receptors, also increases mTORC1 signaling and produces antidepressant responses in the forced swim test.^[@ref89]^ Preliminary studies with a more selective Ml antagonist, VU0255035, support these findings, although we cannot rule out the possibility that other muscarinic receptor subtypes are involved in the actions of scopolamine.

Conclusions and future directions
=================================

The discovery of the rapid antidepressant actions of ketamine and scopolamine, and the role of glutamate transmission, represent major breakthroughs for the development of novel, rapid acting, and efficacious therapeutic agents. This comes at a time when the pharmaceutical industry is pulling back efforts to develop new medications for major psychiatric illnesses because of the challenges associated with predicting which new drug targets will prove successful, the repeated failures in clinical trials, and the high placebo response rates. The promise of these new antidepressant targets will hopefully reinvigorate central nervous system drug discovery and development.

In addition to the glutamatergic and muscarinic receptor targets discussed above, there are additional possibilities to investigate with regard to synaptogenesis. Of particular interest are the estrogen receptors (ER) α and β. Early studies have demonstrated that estrogens can regulate dendrite length and synapse formation, induce intracellular signaling pathways that regulate synaptogenesis, and produce antidepressant actions in behavioral models of depression.^[@ref96],[@ref97]^ Disruption of normal cycling of ovarian hormones has been implicated in the higher rates of depression in women relative to men, and indicates that abnormal estrogen levels and/or signaling could be involved in the pathophysiology of depression. Novel and selective estrogen ligands could prove useful for reversing the atrophy of neurons caused by stress, as well as the behavioral symptoms of depression.

Another area that has received attention is the role of elevated inflammatory responses in depression. This hypothesis is supported by studies demonstrating that serum levels of proinflammatory cytokines, most notably IL-1β, IL6, and TNFα, are increased in depressed patients.^[@ref98],[@ref99]^ In addition, cytokines can produce sickness behavior, including fatigue and decreased appetite that could account for some symptoms of depression.^[@ref100]^ Elevated inflammatory cytokines also contribute to other illnesses, including cardiovascular disease, diabetes, and obesity, that have high rates of comorbidity with depression.^[@ref101]^ Together these studies demonstrate a role of inflammatory cytokines in the pathophysiology of depression, and identify novel therapeutic targets. This includes the use of antagonists and agents that block the production of cytokines. For example, there are now reports demonstrating that peripheral administration of an antibody (Inflixamab), or TNF α receptor-fusion protein (Etanercept) that neutralizes TNFα, produces antidepressant responses.^[@ref102],[@ref103]^ Preclinical studies also show that blocking or neutralizing IL-1β produces antidepressant actions in cellular and behavioral models.^[@ref101],[@ref104]^ There is also evidence that blockade of purinergic 2X7 (P2X7) receptor, which activates the inflammasome to stimulate the processing and release of IL-iβ, produces antidepressant effects.^[@ref101]^ ft is not clear at this point if induction of inflammatory cytokines contributes to neuronal atrophy, but there is evidence that activated microglia participate in dendrite pruning in support of this possibility.^[@ref105]^

The targets and concepts discussed represent the major areas related to the pathophysiology of depression that are currently being investigated for drug development. Taken together, these breakthroughs represent significant potential for a new era of novel therapeutic target development for the treatment of depression.
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